Brucellae are worldwide bacterial pathogens of livestock and wildlife, but phylogenetic reconstructions have been challenging due to limited genetic diversity. We assessed the taxonomic and evolutionary relationships of five Brucella species-Brucella abortus, B. melitensis, B. suis, B. canis, and B. ovis-using whole-genome comparisons. We developed a phylogeny using single nucleotide polymorphisms (SNPs) from 13 genomes and rooted the tree using the closely related soil bacterium and opportunistic human pathogen, Ochrobactrum anthropi. Whole-genome sequencing and a SNP-based approach provided the requisite level of genetic detail to resolve species in the highly conserved brucellae. Comparisons among the Brucella genomes revealed 20,154 orthologous SNPs that were shared in all genomes. Rooting with Ochrobactrum anthropi reveals that the B. ovis lineage is basal to the rest of the Brucella lineage. We found that B. suis is a highly divergent clade with extensive intraspecific genetic diversity. Furthermore, B. suis was determined to be paraphyletic in our analyses, only forming a monophyletic clade when the B. canis genome was included. Using a molecular clock with these data suggests that most Brucella species diverged from their common B. ovis ancestor in the past 86,000 to 296,000 years, which precedes the domestication of their livestock hosts. Detailed knowledge of the Brucella phylogeny will lead to an improved understanding of the ecology, evolutionary history, and host relationships for this genus and can be used for determining appropriate genotyping approaches for rapid detection and diagnostic assays for molecular epidemiological and clinical studies.
Highly contagious infections from bacteria in the genus Brucella are among the most ubiquitous and prevalent zoonotic diseases worldwide. Brucellae are a group of facultative intracellular alphaproteobacteria (32) that infect a range of mammalian livestock and wildlife, from cattle and pigs to seals and rodents, with most Brucella species occurring primarily in one or a few hosts. Establishing relationships within the genus has been challenging because of the relatively few genetic polymorphisms that distinguish each species (31) . In fact, the genus was for a time classified as containing only one species, with a series of biovars (46) . The genus can be distinguished by its 16S rRNA sequence (16) , and the species and biovars can be differentiated with a range of traditional microbiological tests, serology, and phenotypic traits (8) . Early DNA fragment analysis and sequencing demonstrated that Brucella typically contains distinct species-specific lineages (3, 11, 30) . The weight of DNA evidence from an array of different loci upheld the traditional division of Brucella species (7) , which led to a readoption of the classical species with a series of biovars (35) . Nonetheless, the phylogenetic relationships among the Brucella species have remained poorly examined.
Determining the relationships among Brucella species is essential to understanding its ecology, evolutionary history, and host relationships and for developing accurate genotyping methods. Multilocus sequence typing, which assesses single nucleotide polymorphisms (SNPs) and other mutations in housekeeping genes, has revealed considerable variation among Brucella isolates that is taxonomically informative (48) . Single SNPs can then be used to identify Brucella species because they are evolutionarily stable and can be incorporated into genotyping methods (13, 14, 41) . Multilocus sequencing, however, does not capture enough variation in many species because conserved genomes often have too few polymorphic loci. Highly resolved phylogenies therefore depend on many loci, particularly in highly conserved genomes such as the brucellae.
Fortunately, the ability to create highly accurate, highresolution phylogenies is rapidly increasing with ongoing developments in new sequencing technologies (17) . Because of the relatively small size of their genomes, whole-genome phylogenies for bacteria show the greatest immediate potential for deciphering evolutionary histories at the species or genus level (2, 12, 19, 37) . Rather than drawing phylogenetic inferences from a small portion of the genome, entire genomes can now be compared. Moreover, such in-depth work on a single genus differs from studies attempting to draw the tree of life using many but phylogenetically diverse genomes because of the far greater extent of genome coverage from SNP comparisons in similar genomes. Traditional whole-genome phylogenies involve comparisons of homologous genes (10, 27, 42) . Among closely related species, SNPs appear to be a better choice for phylogenetics because of their coverage of the entire genome, relative stability over evolutionary time, ease of comparison, and inclusion of intergenic regions (4, 33) . The sheer number of SNPs present between the genomes of closely related species can provide hundred to thousands of characters for phylogenetic reconstructions to resolve problems associated with character state conflict and create topologies with fine resolution. Furthermore, selecting only orthologous SNPs rather than including paralogous SNPs for analysis improves phylogenetic inference. Currently, whole-genome comparisons have only been done on a limited scale in Brucella, involving comparisons of two to three genomes (5, 9, 18, 36) .
We compared the whole genomes of 13 Brucella isolates of five species: five genomes of Brucella suis from four of the five recognized biovars, three B. melitensis genomes from each of the three recognized biovars, three B. abortus genomes from the most widespread biovar, and one each from B. canis and B. ovis. We utilized only orthologous SNPs that were shared among all genomes. The phylogeny of these genomes was rooted with the closely related soil bacterium, Ochrobactrum anthropi, to polarize each SNP into ancestral or derived states. Finally, in pairwise comparisons of the genomes we utilized a molecular clock based on the accumulation of synonymous mutations to assess the relative age of the genus and divergence times of each species. The present study provides a solid and comprehensive phylogenetic framework that will serve as the basis for a detailed understanding of the evolution and ecology of Brucella, which is crucial for research in nearly all aspects Brucella biology.
MATERIALS AND METHODS
SNP discovery. Orthologous SNPs were discovered by sequence comparisons of the 13 Brucella genomes available at the time of analysis (Table 1) . Eight genomes from GenBank were generated by Sanger shotgun sequencing. Wholegenome sequences from an additional five unpublished genomes were determined by 454 pyrosequencing (40) . Because these five genomes are currently unpublished and occur as contigs, we present the positions for SNPs from all genomes relative to the sequence of B. melitensis 16M (see Table S1 in the supplemental material).
We utilized an in-house pipeline for SNP discovery that used both PERL and Java Scripts for sequence comparisons and data parsing. Briefly, the pipeline compares genome sequences pairwise for sequence alignment using MUMmer (24) and then groups the SNPs by shared location for comparisons across all taxa. A sliding window for comparison of regions was used with the potential SNP flanked by 100 bases on each side. Repeated regions and paralogous genes were excluded from analysis. We defined homologous SNPs as those found in all genomes and paralogous if any SNP came from a region that had been duplicated. Orthologous SNPs were those homologous SNPs that remained after the paralogous SNPs were removed. We only included SNPs in the phylogeny that were present (both orthologous and shared) in all 13 genomes. For molecular clock estimations, the number of SNPs varied because pairwise comparisons were made between all genomes (see below).
To root the phylogeny, we performed the same comparison procedures but also included the O. anthropi genome. This allow us to polarize the Brucella SNP characters and precisely identify the most basal taxon (i.e., the root) of the phylogeny. We recognize that the choice of O. anthropi as an outgroup may affect which taxon is most basal due to potential issues of long-branch attraction (21) , but it is the most closely related species that is currently known. The Brucella phylogeny itself was constructed using only SNPs shared among all Brucella genomes, increasing the number of shared loci and therefore allowing more detailed and accurate depiction of topology and branch lengths within the genus. Two genomes of B. suis are from the same isolate but were sequenced by two different labs with different sequencing strategies, providing a direct comparison of the sequencing/assembly approaches and a validation of our SNP discovery technique.
Phylogenetic reconstructions. We generated a matrix of the SNP state for each genome that included the SNP position in the B. melitensis 16M genome as a reference and a mismatch cutoff value that indicated the proximity of the closest SNP. For the phylogeny, we excluded all SNPs with a mismatch cutoff of eight bases, meaning that if there were two SNPs within eight bases of each other, neither SNP was included in the analyses. This cutoff level allowed for the exclusion of potential sequencing errors typical in pyrosequencing such as issues with homopolymeric repeats and also excluded potential alignment errors, but it allowed retention of the majority of the data. As discussed more fully in Results, this mismatch cutoff did not affect the topology of the tree. We generated a nexus text file of concatenated SNP sequence for each sample. We analyzed the aligned sequence by using the neighbor-joining (NJ) and maximum-parsimony (MP) algorithms in PAUP* (43) . The best substitution model was selected by using ModelTest (38) . We used the following conditions for the analyses with the substitution model and parameters selected by ModelTest: NJ, general time reversible model, MP, full heuristic search with a random seed, and 1,000 bootstrap repetitions.
Molecular clock. Estimation of the rate of evolution for a molecular clock requires knowledge of the number of synonymous SNPs (sSNPs), the number of potential sSNP sites, the mutation rate, and the number of generations per year. We first pared down the sequences of the genomes to include only coding regions, using genes from the B. melitensis 16M genome as the reference. The potential sSNP sites were calculated by first finding all three-base codons in the genes and determining which SNPs did not result in an amino acid change. All SNPs from potential SNP sites within these regions were summed to give a total number of sSNPs. The potential sSNP sites for each codon were calculated from a lookup table of codon possibilities and added together to give the number of potential synonymous SNP sites for all codons in the sequence. We chose sSNPs because presumably they are selectively neutral or nearly neutral and therefore allow for a relatively unbiased estimation of SNP accumulation.
We then made pairwise comparisons between all genomes, with the absolute base count being the total number of bases in all of the genes included in the pairwise comparisons and a filtered base count that included only bases of the genes that are shared, excluding indels. Thus, the SNPs used in these comparisons were slightly different than those used in the phylogeny because of the different requirements for SNP inclusion. The following equation was used to roughly determine the age of divergence for each pairwise comparison: the number of sSNPs/(the number of sSNP sites ϫ the mutation rate ϫ the number of generations per year ϫ 2).
We used a synonymous mutation rate of 1.4 ϫ 10 Ϫ10 mutations per base pair per generation based on mutation rates from Escherichia coli (26) . Age estimates are sensitive to the mutation rate because mutation rate estimates can exhibit considerable variation. The number of generations per year of Brucella species in natural hosts is not known, so we have given a range of possible generation times from 50 to 150, with the actual value yet to be determined in the wild. We recognize that this also introduces variation in the age estimates but that these values are between 22 and 43 generations per year in Bacillus anthracis (44) and between 100 and 300 generations per year in E. coli (34) , which is consistent with Brucella biology. The "2" in the denominator of the equation is introduced to account for the time to divergence of the two genomes (1).
RESULTS
Comparisons of the 13 Brucella genomes with the outgroup O. anthropi yielded 181,685 polymorphic nucleotides that were shared among all genomes. Of this total, 172,598 SNPs separated O. anthropi from the Brucella genus, leaving only ϳ9,000 SNPs among the Brucella species. Phylogenetic analysis including O. anthropi indicated that the B. ovis lineage was the first to split from the rest of the Brucella. Therefore, B. ovis was used to root subsequent trees constructed using only Brucella genomes. The exclusion of Ochrobactrum for SNP discovery within brucellae reduced homoplasy and yielded more SNPs for resolution of the genus. Alignments of the 13 Brucella genomes yielded 20,154 SNPs that were present in all genomes (Table 2) . Of this total, 16,803 SNPs were in coding regions, and 3,351 were in noncoding regions. At least 1,398 SNPs were found on a different chromosome in at least one of the genomes (excluding B. suis 686, which has one genome). The reduced data set with a mismatch cutoff of eight bases (i.e., ignoring SNPs that are within 8 bp of one another) gave 17,032 SNPs, 9,021 of which were parsimony informative. In this data set, the incidence of homoplasy or possible sequencing error was extremely low (homoplasy index ϭ 0.0104), excluding SNPs found only on terminal branches. The resulting Brucella phylogenetic tree shows strong differentiation by species (Fig.  1) . Phylogenetic trees drawn with data having SNP mismatch cutoffs of 0 to 30 gave an identical topology but with slightly different branch lengths (data not shown), indicating that selecting a mismatch cutoff of 8 bp did not affect relationships. Only one possible tree emerged in NJ and MP analyses. Bootstrap support for MP was 100% for all nodes within the Brucella data set. With the O. anthropi outgroup in the analysis, support for the basal B. ovis clade was 99%. Maximum-likelihood analyses gave similar results (data not shown).
The B. suis clade exhibited considerable genetic diversity, with the Thomsen strain (biovar 2, ATCC 23445) as the most basal and distantly related to the other strains in the clade. B. canis arose as a clone from within the B. suis clade and is relatively closely related to B. suis strain 40 (biovar 4). Only 253 SNPs (1.3% of total) from the full data set separate B. canis from the last common ancestor it shares with B. suis strain 40. This split was recent, occurring only ca. 7,500 to 22,500 years ago (Table 3) . B. abortus and B. melitensis are sister species, with B. ovis more distantly related to all other sampled species. Within B. abortus, there is minimal genetic diversity within the three genomes from biovar 1, the most common and widespread biovar. The vaccine strain S19 is most closely related to strain 2308, although only 43 SNPs from the full data set separate this group from strain 9-941; S19 and 2308 strains diverged ca. 2,200 to 6,500 years ago based on pairwise comparisons. Genomes from the three biovars of B. melitensis have experienced considerable diversification since splitting from their common ancestor. B. melitensis 16M (biovar 1) is a sister taxon to B. melitensis 63-9 (biovar 2), but these a The entire data set of 20,154 SNPs was used without any mismatch cutoff, indicating that 542 SNPs did not fall into these groupings. The SNP group is an arbitrary assignment number that designates each genome grouping and is based on information presented in Table S1 in the supplemental material.
two taxa diverged soon after their split from B. melitensis Ether (biovar 3).
DISCUSSION
Whole-genome analyses provide unprecedented phylogenetic resolution and the power to distinguish even extremely closely related isolates. For species or genera that have emerged relatively recently, whole genomes are necessary to provide fine-scale differentiation. With next-generation sequencing technologies making sequencing cheaper and faster, whole-genome phylogenies will soon become a reality for a growing number of bacterial species, as well as for Archaea, and eukaryotes with smaller genome sizes. In clonal or nearly clonal organisms, simple phylogenetic methods such as NJ or MP are optimal for tree reconstructions due to low levels of homoplasy. However, our approach of using shared orthologous SNPs from whole genomes will allow for phylogenetic reconstructions even in species that frequently recombine, such as Burkholderia spp. (T. Pearson, unpublished data).
SNP genotyping and analysis. Our SNP discovery in these genomes allows for thousands of potential assays to differentiate between the various species. For example, we identified as many as 253 SNPs that distinguish B. canis 23365 from its closest sequenced relative B. suis 40, which includes the previously identified distinguishing mutation in outer membrane proteins (47) , that could be used as targets for assays. For most branches, the SNPs defining them will be redundant and interchangeable for genotyping. Due to the extremely low rate of mutational change in SNPs, only a single SNP is necessary to define a particular clade and can then be designated as a canonical SNP (23). 
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The SNP data set identified in the present study contains a decided lack of evidence for recombination among Brucella species. Using the full data set with no SNP mismatch cutoff, we had one major pattern of shared SNPs (n ϭ 248) that was inconsistent with the phylogeny. The following isolates grouped together: B. abortus 2308 and 9-941, B. canis 23365, B. ovis 25840, and B. suis 1330 and Thomsen. Notably, B. suis 23445 did not fall into this same group even though it is the same strain as Thomsen. None of these SNPs were retained with a mismatch cutoff of eight bases, and we know of no biological mechanism that would cause this pattern to occur. Lateral gene transfer from other organisms cannot be ruled out with this approach, although it is challenging to conceive a scenario where such anomalous results would be limited to a few taxa.
The three SNP differences between B. suis 23445 and B. suis Thomsen, the same type strain, are the result of either sequencing/alignment errors or mutations that have arisen during laboratory passage. Mutational differences from whole genome comparisons of the same strain are known to occur (45) . In our case, the exact same archival isolate sample was not used. The true test is to sequence the exact same strain on different platforms (19) . Nonetheless, such a small number of differences lends support to the accuracy of the 454 sequencing platform and to our SNP discovery methods.
Brucella phylogeny. Ever since early microbiological work by Wilson (50) , researchers have been developing increasingly sophisticated methods of classifying Brucella species. However, despite technical advances in genotyping, most methods have been able to roughly generate the same evolutionary relationships seen in whole genome phylogenies. For instance, the close relationship of B. abortus and B. melitensis and the more distant grouping of B. suis was suggested by restriction mapping (30) . The basal position of B. ovis in the Brucella phylogeny was suggested based on the likely inheritance of certain genes (11) . Multilocus sequence typing trees of Brucella roughly approximate the whole-genome phylogeny but use only seven housekeeping genes (48) . Variable number tandem repeat analyses correctly group and depict the taxonomic relationships of all of the major Brucella clades, such as the close relationship of B. suis biovars 3 and 4 to B. canis and the close but more distant relationship of B. suis biovar 1 (20, 25, 49) .
Although each of these approaches has its value, particularly when low-cost genotyping is the goal, only whole-genome sequencing can capture the full extent of genetic variation. Furthermore, only whole-genome phylogenies allow us to gauge the accuracy of previous genetic methods. Understanding the evolutionary framework of the genus Brucella is essential for designing assays that differentiate the various strains or biovars, and only by rooting our phylogeny can we understand the directionality of the evolutionary process. Incorrect conclusions about the relationships among Brucella isolates have inevitably been made because all prior attempts at phylogenetic constructions using data with reduced sets of markers are less accurate approximations of the "true" phylogeny than can be deduced from whole-genome analysis.
B. suis is the most diverse species within the Brucella thus far examined. Exceptional diversity in this clade was expected because our data set contained B. suis from four of the five recognized biovars. Furthermore, a range of genetic analyses have indicated considerable diversification within the B. suis clade and have even suggested likely relationships among the biovars (14, 20, 25) . Most studies looking at variation within B. suis have had difficulty differentiating isolates from those of B. canis (3, 6, 14, 15) , suggesting the close relationship of these two species. Using whole-genome comparisons, it is clear that B. canis, B. suis 686 (biovar 3), and B. suis 40 (biovar 4) are all highly similar at the nucleotide level. The species B. canis appears to have arisen directly from a B. suis ancestor, making currently defined B. suis isolates paraphyletic. Therefore, no single DNA-based assay will be able to distinguish all of the isolates in B. suis from the other Brucella species because the paraphyly of B. suis will cause such assays to also identify B. canis. Early fragment analysis by Allardet-Servent et al. (3) using restriction endonucleases also suggested that B. canis likely evolved from a strain of B. suis. Interestingly, SNPs were able to readily resolve the relationship of B. suis biovar 3 to the other Brucella species and B. suis biovars even though it contains only one large chromosome rather than the two chromosomes seen in all other Brucella (22) . Regardless of the genome arrangement, B. suis biovar 3 is a subclade of B. suis. The genome of the only B. suis biovar not included in our analyses, biovar 5 (strain 513), which was isolated from rodents in the former Union of Soviet Socialist Republics, is likely quite different genetically than the other four biovars (25, 49) . Previous research has suggested that B. suis biovar 5 is most closely related to the brucellae of marine mammals (14, 28, 48) , but whole-genome-based phylogenetic analyses are needed to confirm this hypothesis.
The radiation of the three recognized biovars of B. melitensis occurred rapidly. These three strains are now clearly differentiated, but diverged at roughly the same time, and have undergone considerable evolution since divergence. The B. abortus clade was minimally differentiated, but the three strains from biovar 1 represent only a small portion of the diversity within this species.
Extremely low levels of character conflict within the tree (5, 18) , but the full phylogeny of the genus with B. ovis as the most basal species has not been previously described. Our rooted phylogeny suggests that brucellosis in animals such as pigs, goats, and cattle emerged from contact with infected sheep. Furthermore, this contact was recent, occurring roughly in the past 86,000 to 296,000 years. Our estimates, however, predate livestock domestication in the Middle East within the past 10,000 years (51), indicating that this disease was endemic within wildlife populations rather than emerging due to domestication. The coevolution of brucellae with their respective hosts (5, 31) is not consistent with the whole-genome phylogeny based on both topology and the likely rate of mutational change. For instance, it has been hypothesized that B. abortus and B. melitensis diverged roughly 20 million years ago with the divergence of their bovine and caprine (goats only) hosts, respectively (31) . Similarly, the early differentiation of the genus has been speculated to have occurred 20 to 25 million years ago (29) . However, the basal position of B. ovis in our phylogeny is distant from B. melitensis, even though their goat and sheep hosts are very closely related. Our data indicate a much more recent association, meaning independent acquisition of B. abortus, B. melitensis, and B. suis infections in their respective hosts after host speciation. Furthermore, Brucella as a genus is exceptionally monomorphic with relatively few SNPs, which strongly suggests that the entire lineage is considerably younger than previous estimates. Transmittal of brucellae from pigs to canids likely stemmed from infection of wolves or other canids feeding on the ancestor of B. suis 40 within the past 22,500 years. Why other Brucella species have not evolved within canids despite likely infections is unknown.
How the genomes of other Brucella species fit into the phylogeny described here will be extremely revealing for the evolutionary history of the genus. Our phylogeny and analyses provide the paradigm for phylogenetic differentiation among the Brucella. Genomes of other Brucella species such as B. neotomae, B. ceti, B. pinnipedialis, B. microti, and additional biovars of B. abortus will provide a more complete understanding of diversity and relationships in the genus; sequencing of these genomes is in progress (David O'Callaghan, unpublished data). In addition, sequencing of bacteria more closely related than O. anthropi will be able to resolve potential issues of long-branch attraction that can arise when distantly related taxa are used as outgroups (21) . Among the many interesting avenues for future research in Brucella are the mechanisms of speciation. How did the various species adapt and become isolated in their respective hosts? Of particular interest is the relationship of marine and terrestrial brucellae, the timing of the emergence of the disease in marine organisms, and the evolutionary history of Brucella species that are currently limited to wildlife populations such as B. neotomae in wood rats, B. suis in caribou, and B. microti in voles. The genus also poses a challenge as to why the various brucellae have exhibited such distinct host preferences in some species but not in others.
